Abstract Biodiversity in urban areas is affected by a multitude of stressors. In addition to physico-chemical stress factors, the native regional species pool can be greatly reduced in highly urbanized landscapes due to area loss and fragmentation. In this study, we investigated how macrophyte composition and diversity in urban water systems are limited by the regional species pool and local environmental conditions. Canonical correspondence analysis of the macrophyte species composition revealed that urban and semi-natural water systems differed and differences could be related to local abiotic variables such as pH and iron concentrations. Macrophytes in the seminatural area were typical for slightly acid and oligotrophic conditions. In urban water systems, exotic species characteristic of eutrophic conditions were present. In the seminatural areas, the number of macrophyte species exceeded the number of species expected from species-area relationships of artificial water bodies in rural areas. In urban areas, the number of macrophyte species was similar to artificial water systems in rural areas. Macrophyte species present in the study areas also were generally found within 20-30 km distance to the study area. Macrophyte species composition in urban water systems and semi-natural water systems appeared to be influenced by the regional species pool within approximately 30 km of the locations. Nevertheless, site limitation ultimately determined the local macrophyte species composition and diversity in urban water systems and in semi-natural water systems.
Introduction
Traditionally, patterns of species composition and diversity have been linked to small-scale processes such as geomorphology, hydrochemistry, competition and disturbance (Cornell and Lawton 1992) . In the last two decades, processes at regional and historical scales, including longdistance dispersal, speciation and extinction, have been taken into account as well (Cornell and Lawton 1992; Zobel 1997; Ricklefs 2004) . The local species pool often depends on the size and composition of the regional species pool (Caley and Schluter 1997; Zobel 1997; Partel and Zobel 1999) .
Biodiversity in urban areas is affected by a multitude of stressors (Paul and Meyer 2001) . In addition to physicochemical stress factors, the native regional species pool can be greatly reduced in highly urbanized landscapes due to area loss and fragmentation (Collinge 1996; Drayton and Primack 1996; McKinney 2005) . Restoration of ecosystems within these landscapes often obtains poor results (Larson et al. 2001; Booth 2005; Suren and McMurtrie 2005) .
The effects of urbanisation on macrophytes in water systems have not been studied extensively (Paul and Meyer 2001) . Ranta and Toivonen (2008) found that aquatic macrophyte species composition had changed considerably in an increasingly urbanised Finnish lake area during the 20th century, but the number of species remained constant. The number of macrophyte species in Sydney streams was higher in urban systems than in non-urban systems, but the number of native species did not differ (King and Buckney 2000) . Cheruvelil and Soranno (2008) found that the abundance of emergent and nymphaeid vegetation in Michigan lakes was negatively related to road density and urban land use. There is very little information on the limiting factors for aquatic macrophytes in urban areas.
In this study, we investigate how macrophyte composition and diversity in urban waters is related to local environmental conditions and if local macrophyte assemblages are also limited by the regional species pool. The towns of Arnhem and Nijmegen in the Netherlands were chosen as a case study on urban water systems. Multivariate analysis was used to relate macrophyte assemblages in urban and semi-natural water systems to environmental variables. We used a power function to relate local species diversity in urban and semi-natural water systems to the regional species diversity in surrounding rural areas. The species area relationship (SAR) can be used to predict the number of species (species richness) in a certain area (Evans et al. 1955; He and Legendre 1996) , and test if specific areas are low in the number of species (Hamilton et al. 2009 ).
This study focussed on three research questions:
1. Does macrophyte species composition and richness in urban drainage systems differ from semi-natural and artificial water systems in surrounding rural areas and can these differences be related to environmental variables? 2. Does macrophyte species diversity in urban water systems and semi-natural water systems correspond to predicted species diversity using species-area relationships of artificial water systems in surrounding rural areas?
3. Is species composition in urban water systems and semi-natural water systems limited by the regional species pool and/or local environmental conditions?
Methods

Study area
The municipalities of Nijmegen and Arnhem are situated in the eastern part of the Netherlands along distributaries of the River Rhine (rivers Waal and Nederrijn, respectively) (Fig. 1a) . The municipalities of Nijmegen and Arnhem have approximately 2,803 and 1,414 inhabitants per km 2 , respectively (Statistics Netherlands 2009). In the 1970s, urban water systems were designed in the polder areas of both cities to manage groundwater levels and to drain seepage and storm water into rivers (Vermonden et al. 2009a) . Separate sanitary sewer systems were constructed in the study area to transport sewage (Vermonden et al. 2009b) . Sewage is pumped directly to the sewage treatment plant and is not discharged into the urban drainage systems. Another pipe system was designed to convey storm water runoff directly to surface waters. The lotic water systems in the study are therefore only fed by stormwater runoff and upward seepage of groundwater. Approximately 4% of the surface area in these cities consists of watercourses that are connected via culverts. The water level is regulated via weirs in the main watercourses. Slow-flowing (current velocity on average 3-14 cm s -1 ), permanent watercourses can vary from linear ditches to ponds, generally 5-40 m wide and up to 3 m deep. Water systems are mowed once or twice a year depending on vegetation development. Four sites in Nijmegen and 11 sites in Arnhem were dredged 1-3 years before monitoring took place. Land use is predominantly residential, with an impervious area of approximately 30% (roads, buildings, parking lots), and 66% is taken up by gardens, parks and other green areas (Vermonden et al. 2009a) .
For this study, 30 water bodies in Nijmegen and 15 in Arnhem were selected and monitored in August-September 2007. Locations varied in morphology, water quality, and vegetation composition. Urban water systems were compared to similar water bodies in a semi-natural area in the immediate vicinity. Since natural water systems do not exist now in the Netherlands, semi-natural water systems in rural areas were used, and were located on the eolian sand area (Fig. 1b) . Monitoring of semi-natural water systems was done in eight locations, 1-3 km SW of Nijmegen in April 2009. Four locations were oligotrophic, slightly acidic ditches or ponds. The other four locations were ditches under the influence of upward seepage of groundwater and therefore less acidic and somewhat enriched with nutrients. Sites were mowed once a year.
To determine the influence of the regional species pool on the local species pool (urban and semi-natural) in the study area, we used the national database of the Dutch waterboards (STOWA 2008) . From this database we developed the regional database by selecting data on artificial water bodies at varying distances from the study area (Fig. 1a) . The national database mostly included ditches (34%), (small) lakes (26%) and lotic water bodies such as small streams and rivulets (19%), and the remaining 21% were rivers, softwater lakes, canals and springs (STOWA 2008) . The sampling sites included in the national database were mostly located in rural areas. Data in the national database were collected in the period 2000-2006.
Macrophytes
Macrophyte species composition was recorded on an abundance scale from 1 to 9, corresponding to classes of the Tansley scale (Tansley 1946 
Rural area
Artificial water system (e.g. ditches)
Local seepage from river dunes Fig. 1 Schematic overview of the study area with bold square indicating the surface area around Arnhem and Nijmegen and dashed squares indicating the surface areas used to calculate species-area relationships in rural areas (a). Main groundwater flows of the urban water systems, semi-natural water systems and artificial water systems in rural areas (b) (Antoine et al. 2004 ). Hydrophytes were observed in the surface water within two to three metres of the bank. Helophytes were rooted in the wet soil of the banks or in the sediment just below the surface water with shoots in the air (Antoine et al. 2004 ). Marsh and other plants that were associated with the aquatic environment were also included as helophytes, but plants associated with the terrestrial environment were excluded from monitoring.
Environmental variables
Two surface water samples were taken at each location in the urban and semi-natural water systems. The pH and alkalinity were measured on the following day, after samples had been stored overnight at 4°C. Total inorganic carbon (TIC) was measured with an ABB Advance Optima Infrared Gasanalyser, and CO 2 , HCO 3 -and CO 3 2-were calculated from TIC, pH, and temperature. Water samples were stored at -20°C until further analysis, after adding citric acid (125 mg L -1 ). The following ions were measured colorimetrically (Auto Analyzer 3, Digital colorimeter, Bran ? Luebbe, Germany): NO 3 -according to Kamphake et al. (1967) , NH 4
? according to Grasshoff and Johannsen (1972) , Cl -according to O'Brien (1962) and PO 4 3-according to Henriksen (1965) . Na ? and K
?
were measured photometrically with a flame photometer (Radiometer, Copenhagen). Metals, Total-S, Total-P, Ca 2?
and Mg 2? were measured by inductively coupled plasma mass spectrometry (Thermo Electron Corporation, United Kingdom). All physico-chemical factors were measured at least in duplicate and average values were used for data analysis. Altitude was determined using an interactive altitude map (http://www.ahn.nl).
Data analysis
Canoco for Windows Version 4.0 (Ter Braak and Š milauer 1998) was used to perform Canonical correspondence analysis (CCA) in order to relate macrophyte assemblages in urban and semi-natural water systems to environmental variables. Rural waters were not included in CCA, because data on environmental variables of these waters was not available. CCA is a direct ordination method incorporating linear correlations and regressions between species data and environmental variables. The ordination axes are a result from the joint variation in species and environmental data (Jongman et al. 1995) . A unimodal response model was selected, because there was a wide range in environmental variables. Environmental variables with log-normal distributions (NH 4 ? , total Fe and Al 3? ) were log-transformed. Significance of environmental variables was tested with CCA, using 500 Monte Carlo permutations under full model conditions. Differences of environmental variables between urban and semi-natural water systems were tested with a MannWhitney test. Species composition of urban and seminatural water systems was also compared with artificial water bodies in rural areas. In the national database of the water boards (STOWA 2008) 36 locations were selected within a 500 km 2 area around Arnhem and Nijmegen and macrophyte species composition and abundance were determined.
Total macrophyte diversity in urban and semi-natural water systems was compared with macrophyte diversity in artificial water bodies in rural areas (STOWA 2008) . A power function was used to relate number of species (S) with rural area (A).
where c is a constant and z the scaling exponent (Preston 1960; MacArthur and Wilson 1967; Rosenzweig 1995) . The number of macrophyte species in the rural area was calculated for eight concentric squares with Arnhem and Nijmegen as the centre, with an increasing area of 250, 500, 975, 2, 285, 4, 416, 8, 680, 12, 698 and 17,841 km 2 (Fig. 1a) . These areas included both terrestrial and wet areas, but Belgium and Germany were excluded from these surface areas. A linear regression was fitted to log-transformed species number and area data. From the linear regression, the expected number of species was calculated for the urban and semi-natural area, with 95% confidence limits. The surface area of the urban and semi-natural area was calculated by drawing a square around all urban water systems and semi-natural water systems (total urban area: 273 km 2 , total semi-natural area 7.5 km 2 , Fig. 1a ). Additionally, average macrophyte species richness was compared between the 45 urban water systems, eight seminatural water systems and 36 artificial water bodies in rural areas within 500 km 2 around Arnhem and Nijmegen with a Mann-Whitney test (P \ 0.05).
For each species, the minimum distance was calculated to the location closest to the study areas where the species was found in artificial water bodies in rural areas (STOWA 2008; Fig. 2) . The minimum distances of species present and absent in the study area were compared with a MannWhitney test (P \ 0.05).
Results
Species composition and local environmental factors
Canonical correspondence analysis (CCA) clearly separated helophyte assemblages of semi-natural water systems from urban water systems (Fig. 3a) . The pH, alkalinity, CO 2 , altitude, NO 3 -, total-Fe and Zn 2? concentrations were significantly correlated to variation in helophyte assemblages. The distinction of urban and semi-natural water systems was less clear for hydrophyte assemblages according to CCA (Fig. 3b) . The pH, Mg 2? , Na ? and total-Fe were significantly related to variation in hydrophyte assemblages.
Nutrient concentrations (NO 3 -, PO 4 3-, total-S) were significantly higher in urban water systems than in seminatural water systems (Table 1 ). The pH, alkalinity, HCO 3 -and Ca 2? were also significantly higher in urban water systems, while total-Fe and Al 3? concentrations were significantly higher in semi-natural water systems. Zn 2?
concentrations were highest in urban water systems. On average semi-natural water systems were located at significantly higher altitude than urban water systems.
Epilobium hirsutum, Persicaria amphibia, Lythrum salicaria, Ceratophyllum demersum and Hydrocharis morsusranae were abundant in urban artificial water systems and rural areas, but absent in semi-natural water systems (Table 2) . Lotus pendunculatus, Carex acuta, Galium palustre and Lysimachia vulgaris were most abundant in urban and semi-natural water systems. The following species were found exclusively in semi-natural water systems: Pilularia globulifera, Potentilla palustris, Ranunculus repens, Sphagnum fallax, Carex rostrata, Ranunculus flammula, Cardamine pratensis, Agrostis stolonifera, Potamogeton natans and Potamogeton polygonifolius. However, Ranunculus repens, Cardamine pratensis and Agrostis stolonifera can also occur in grasslands around urban waters.
The exotic species Hydrocotyle ranunculoides, Ludwigia grandiflora, Pontederia cordata and Lemna minuta appeared exclusively in urban water systems (Table 2) , while Azolla filiculoides was only present in artificial water bodies in rural areas. Each exotic species was found in\7% of the sampling locations, with the exception of Lemna minuta, which was present in 47% of the sampling locations in the urban area.
Macrophyte species diversity and species pool limitations Log-transformed numbers of helophyte and hydrophyte species were linearly correlated to the log-transformed area of the rural environment (P \ 0.05, R 2 = 0.97-0.99, Fig. 4 ). In the semi-natural area, the number of helophyte species exceeded the number of species expected from linear species-area regressions of rural areas (Fig. 4) . The number of hydrophyte species was within the expected 95% confidence interval. The number of helophyte and hydrophyte species in urban areas exceeded the expected number of species, but the value for hydrophyte species was within the expected 95% confidence interval. Average helophyte species richness was significantly higher in seminatural water systems, than in urban and artificial water systems (Fig. 5) . Average hydrophyte species richness was not significantly different between groups.
The minimum distance of macrophyte species present in the study areas was significantly lower than the minimum distance of macrophyte species absent in the study areas (Fig. 6) . Helophyte species present in the study areas were generally also found within 30 km distance to the study area, whereas hydrophyte species that occurred in the study area were found within approximately 20 km distance of the study areas.
Discussion
Species composition and site limitation
The CCA of the helophytes distinguished the semi-natural water systems more clearly than that of the hydrophytes (Fig. 3) . The pH and iron levels significantly accounted for the variation in both helophyte and hydrophyte composition. Upward seepage of iron-rich groundwater reduced nutrient availability in the semi-natural area and thereby changed species composition (Lucassen et al. 2006) . Urban water systems were enriched in nutrients compared to the semi-natural area, which is consistent with other studies (e.g. Paul and Meyer 2001; Walsh et al. 2005) . The pH, alkalinity, HCO 3 -and Ca 2? were significantly lower in the semi-natural water systems than in urban water systems. This could be related to the influence of local groundwater, which introduced acidic water in the semi-natural area with a pH between 3.9 and 5.2 (Lucassen and Smolders 2008) . Iron and aluminium diffuse from the sediment at low pH (Wetzel 2001) in the semi-natural water systems. Higher zinc concentrations in the urban water systems were related to storm-water run-off from impervious areas (Paul and Meyer 2001; Brabec et al. 2002; Vermonden et al. 2009b ).
Most species occurred in both urban water systems and artifical water bodies in rural areas (Table 2 ). Nine species were exclusively present in semi-natural water systems, among which Pilularia globulifera, Potentilla palustris, Sphagnum fallax, Carex rostrata, Ranunculus flammula, and the hydrophytes Potamogeton natans and Potamogeton polygonifolius were typical for slightly acid, oligotrophic waters (De Lyon and Roelofs 1986) .
Four out of five exotic species in this study appeared exclusively in urban water systems, the other one was present exclusively in artificial water bodies in rural areas (Table 2) . No exotic species were present in the seminatural water systems. Exotic species also appeared exclusively in urban streams in the northern Sydney region, which could be related to higher nutrient levels in urban sediments (King and Buckney 2000) . Kercher and Zedler (2004) also suggested that invasive macrophyte species could easily dominate native species where nutrient availability is high. Ehrenfeld (2008) related invasive species specifically to residential areas.
Propagule pressure of exotic species is high in urban areas, because of dispersal from ponds in gardens and parks and human introductions (e.g. by dumping of plant material from aquaria and ponds). Ludwigia grandiflora and Pontederia cordata are sold as garden plants in the Netherlands and Hydrocotyle ranunculoides was sold until 2001. Anthropogenic disturbance, such as vegetation removal, also contributes to plant invasions (Detenbeck et al. 1999) . The combined influence of eutrophication, propagule pressure and disturbance make the urban waters vulnerable for species invasions. Besides the exotic species, only Lemna gibba occurred exclusively in the urban water systems. Lemna gibba is associated with eutrophic water (Papastergiadou and Babalonas 1993) . The presence of lemnids in the urban water systems can also be associated with stagnant water systems and muddy sediment (Boedeltje et al. 2005) . Water systems in the rural and semi-natural area could have higher flow velocities and could therefore be less suitable for the growth of lemnids. 
Altitude (m above NAP) 6.9 (5.9-9.8) 8.0 (7.1-10.7)
Significant differences between urban water systems and semi-natural water systems in bold (P \ 0.05, Mann-Whitney test) Presence is expressed as percentage of locations where a species occurred and abundance on Tansley scale (0-9). Exotic species in bold, defined according to Van der Velde et al. (2002) ; native area between brackets: NSA North/South America, NA North America, SA South America
Macrophyte species diversity Although dredging and mowing can reduce macrophyte species richness temporarily, the local species pool was probably unaffected because all water systems were interconnected and species could disperse very quickly through the systems. Moreover, mowing and dredging activities were mainly performed in the middle of the ditches to guarantee discharge capacity, and vegetation near the banks was partly left intact according to nature-oriented mowing and dredging schemes. Log-transformed numbers of helophyte and hydrophyte species in artificial water bodies in rural areas were strongly correlated to log-transformed area (Fig. 4 , R 2 = 0.99 and 0.97, respectively). The slope of speciesarea relationships (z) depends on the scale, habitat diversity and taxonomic groups included in the analysis (Wright 1981; Rosenzweig 1995; Ricklefs and Lovette 1999; Crawley and Harral 2001; Koh et al. 2002; Turner and Tjørve 2005; Drakare et al. 2006; Kallimanis et al. 2008 ). Crawley and Harral (2001) showed that z values for plants were in the range of 0.1-0.2 at small scales (\100 m 2 ), 0.4-0.6 at intermediate scales (10,000 m 2 -10 km 2 ) and 0.1-0.4 at the largest scale (10-1,000 km 2 ). Our speciesarea relationships had z-values of 0.43 (helophytes) and 0.31 (hydrophytes) at scales of 250-17,841 km 2 . Slopes are at the upper end of the range noted by Crawley and Harral (2001) .
Species-area relationships of different taxonomic groups also result in different slopes, as was shown for very different groups such as plants, springtails, butterflies, reptiles, amphibians, mammals and birds (Wright 1981; Ricklefs and Lovette 1999; Koh et al. 2002) . Koh et al. (2002) found that species with higher dispersal ability were related to lower z-values because they were less sensitive to the area effect than species with low dispersal ability. Our study showed that even within highly related groups such as helophytes and hydrophytes, there can be differences in species-area relationships. Ricklefs and Lovette (1999) suggested that habitat specialization would make species richness more sensitive to habitat diversity and less sensitive to area. The number of helophyte species is somewhat (urban) and substantially larger (semi-natural) in comparison to the richness-area regression for rural regions. By contrast, hydrophyte richness is within (urban) and just above (seminatural) the 95%-confidence interval noted for rural areas. Comparisons of average species richness agreed with these results. Hydrophytes show broad distribution ranges and limited taxonomic differentiation because they have to be adapted to a stressful environment, characterised by low carbon availability, shaded conditions, sediment anoxia and wave exposure (Santamaría 2002) . This explains why we found fewer hydrophyte species than helophyte species and less differentiation between habitat types. This could be an additional explanation why z values in species-area relationships are lower for hydrophytes than for helophytes. Next to that, hydrophytes might be influenced more by eutrophication of water bodies than helophytes.
Average helophyte species richness per site was significantly higher in semi-natural water systems than in urban and rural waters (Fig. 5) . Artificial water systems in urban and rural areas sustain fewer species because these water systems are eutrophic and often disturbed. Other studies also document a decrease in macrophyte species richness with increased disturbance and associated eutrophication (Riis and Sand-Jensen 2001; Egertson et al. 2004; Lougheed et al. 2008) .
Some studies showed that the size of individual water systems is positively related to species richness (e.g. Barbour and Brown 1974; Dodson 1992) . Other studies did not show a significant relationship between aquatic plant diversity and lake size, especially in temperate, small to medium-sized lakes (e.g. Declerck et al. 2005; Kruk et al. 2009 ). In our study, the species richness of macrophytes were not significantly related to the size of the individual ditches and ponds. On average, the sizes of water systems in urban, rural and semi-natural water systems were very similar and individual water systems were also interconnected. The size of individual water systems was therefore considered to be a minor factor affecting macrophyte species richness in our study area.
Species pool versus site limitation
Species present in the urban and semi-natural area were also present within relatively short distances in the regional species pool of artificial water bodies in rural areas (Fig. 6) . Helophyte species were, on average, found between 5 and 30 km from the monitored sites and hydrophyte species were found between 5 and 20 km from the monitored sites. In contrast, the nearest growing site of species that were not recorded in our surveys was, on average, more than 40 km away. This could imply that the local species pool may be limited by the regional species pool, corresponding with the species pool hypothesis (Caley and Schluter 1997; Zobel 1997; Partel and Zobel 1999) . Abiotic conditions might also be more similar within a short distance and therefore result in a more similar species composition.
Macrophyte species composition and diversity were also strongly dependent on local abiotic processes (Figs. 3, 5) . The available data did not allow quantification of variation in species composition attributable to site characteristics versus the regional species pool. Quantification of this variation may be possible with additional multivariate analysis, but will require data on species pools of individual sites. Large-scale processes such as dispersal determine how many and which species are available for the local community (Zobel 1997) . Our study shows that the actual local species composition in urban water systems and semi-natural water systems was determined by the ability of species to cope with local biotic and abiotic circumstances.
Conclusions
Macrophyte species composition in urban and semi-natural water systems differed and could be related to local abiotic variables, such as pH and iron concentrations. In urban water systems, exotic species typical of eutrophic conditions were present. In semi-natural water systems, exotic species were absent and indicators for slightly acidic and oligotrophic conditions were present. Macrophyte species composition in the urban water systems and semi-natural water systems also appeared to be influenced by the regional species pool located within approximately 30 km of the sites. Nevertheless, site limitation eventually determined the local macrophyte composition and diversity in urban water systems and semi-natural water systems. This is illustrated by the higher species richness in the semi-natural water systems in the immediate vicinity of the urban areas.
